Fluid-feeding insects, such as butterflies, moths and flies (20% of all animal species), are faced with the common selection pressure of having to remove and feed on trace amounts of fluids from porous surfaces. Insects able to acquire fluids that are confined to pores during drought conditions would have an adaptive advantage and increased fitness over other individuals. Here, we performed feeding trials using solutions with magnetic nanoparticles to show that butterflies and flies have mouthparts adapted to pull liquids from porous surfaces using capillary action as the governing principle. In addition, the ability to feed on the liquids collected from pores depends on a relationship between the diameter of the mouthpart conduits and substrate pore size diameter; insects with mouthpart conduit diameters larger than the pores cannot successfully feed, thus there is a limiting substrate pore size from which each species can acquire liquids for fluid uptake. Given that natural selection independently favoured mouthpart architectures that support these methods of fluid uptake (Diptera and Lepidoptera share a common ancestor 280 Ma that had chewing mouthparts), we suggest that the convergence of this mechanism advocates this as an optimal strategy for pulling trace amounts of fluids from porous surfaces.
Introduction
Nutritive liquids, such as sap flows and nectar, are a limiting resource; competition, drought and other environmental factors can reduce these liquids from pools to only filling small pores on surfaces [1] [2] [3] . Insects that are able to pull fluids from porous surfaces during adverse environmental conditions, such as drought, would have an adaptive advantage over other insects. Despite the challenges associated with extracting fluids confined in small pores on surfaces, flies (Diptera, 150 000þ species) and butterflies and moths (Lepidoptera, 160 000þ species), the premiere fluid feeders (70% of all fluid-feeding insects) [4, 5] , are often observed feeding from porous surfaces. Their ability to feed on a wide variety of fluids, such as nectar, blood, sap flows, honeydew and juices on carrion, rotting fruit and dung [6] [7] [8] [9] [10] , probably contributed to their massive radiation by providing opportunities to enter new adaptive zones [11] . Both groups have mouthparts (proboscises) that are conceptually a conduit with modified distal parts that support fluid uptake [12] [13] [14] [15] .
Although Diptera and Lepidoptera have a sucking pump in their head that is used for shuttling fluids through their food canals [16, 17] , action of the pump alone cannot overcome the capillary pressure necessary to pull fluids from small substrate pores [12, 18] . X-ray phase-contrast imaging revealed that the monarch butterfly (Danaus plexippus L.) overcomes this challenge by having a porous proboscis that supports fluid removal from substrate pores through capillary action to build liquid bridges, via Plateau instability [12, 19] , inside the food canal of the proboscis. Once formed, the sucking pump can generate the pressure differential to transport the liquid bridges to the gut [12] . Liquid bridge formation in D. plexippus, however, depends on a relationship between substrate pore size and the food canal diameter of the mouthparts-liquid bridges cannot form in mouthpart conduits that are larger in diameter than the substrate pores, thus there is a limiting pore size from which D. plexippus can feed. Experimental evidence indicating the importance of capillary action in liquid feeding by insects is lacking, and the limiting pore size hypothesis has not been tested in other fluid-feeding species.
Considering that fluid-feeding insects differ in their mouthpart sizes [20] , we hypothesized there are different threshold substrate pore sizes from which species can feed. In addition, a widespread pattern of limiting pore sizes would suggest that these insects use capillarity and liquid bridges as unifying principles for fluid uptake. A central challenge in assessing the limiting pore size is determining if an insect positively acquired fluids from small pores on surfaces. Monaenkova et al. [12] , for instance, assessed D. plexippus feeding abilities based on proboscis probing behaviours, which relates to feeding, but does not confirm liquid acquisition. Here, we use a 20% sucrose solution mixed with fluorescent, magnetic nanoparticles as an indicator of feeding ability.
Methods (a) Species
The insects used in this study were selected because they have been observed feeding on a variety of porous surfaces, including films of nectar [21] , and they represent a range in the conduit sizes of their mouthparts (figure 1). Cabbage butterfly Pieris rapae (L.) (Pieridae) and painted lady Vanessa cardui (L.) (Nymphalidae) larvae were ordered from Carolina Biological Supply Co. (Burlington, NC), fed on the artificial diet provided and reared at 22-248C on a cycle of 18 h of light followed by 6 h of darkness, and 50-65% RH in an environmental chamber (Percival Scientific, Perry, IN). Monarch butterfly D. plexippus (Nymphalidae) and eastern black swallowtail Papilio polyxenes asterius (Stoll) (Papilionidae) larvae were reared on milkweed Asclepius sp. and parsley Petroselinum crispum (Mill.) (Apiaceae), respectively, outdoors in netted domes from June to August 2014 and 2015 in Alliance, OH (N40891 0 , W81811 0 ). Pupae of giant swallowtail Papilio cresphontes Cramer (Papilionidae) were ordered from Shady Oak Butterfly Farm (Brooker, FL) and reared in a bug dorm outdoors in Clinton, OH (N40892, W81863 0 ) in July 2015. Viceroy butterfly Limenitis archippus Cramer (Nymphalidae) eggs were wild collected in North Canton, OH (N40888, W81840 0 ) in June 2015 and reared on cottonwood Populus deltoides L. (Salicaceae) in the environmental chamber. House fly Musca domestica L. (Muscidae) and blue bottle fly Calliphora vomitoria L. (Calliphoridae) pupae were ordered from mantispets.com and reared in the environmental chamber. All species were fed a 20% sucrose/dH 2 O solution within 24 h of the feeding trials, except those used in the unfed treatment.
(b) Feeding solution
A 1 mg ml 21 dH 2 O nanoparticle (fluorescent, magnetic iron oxide with a polyacrylic acid coating, approx. 20 nm in diameter [22] ) suspension was mixed with a 20% sucrose solution and red food colouring (4.75 : 4.75 : 0.5, respectively) to produce a nanoparticle solution that was used to determine fluid uptake abilities.
(c) Experimental set-up and feeding trials Insects were placed into one of two feeding treatments, those that were fed a 20% sucrose feeding solution prior to being fed the nanoparticle solution from a filter paper ( pre-fed treatment) and those that were not previously fed (unfed treatment). Insects had their wings secured between two glass slides that were held together by a clamp and suspended above the feeding surface (figure 2). Lepidoptera had their body and wings wrapped in a tissue (VWR) prior to securing the wings between the slides to prevent their legs from interfering with the feeding surface. A concave slide was placed on a moveable stage and positioned underneath the insect. A 30 ml droplet of the nanoparticle solution was administered to the middle of the concave slide and a filter paper (MF-Millipore membrane; 11, 20, 30, 41 or 60 mm nylon net filters or 1, 5, 8, 10 mm isopore membrane filters; figure 2) was centred and placed over the droplet, which was allowed to spread outwards across the filter paper. The mouthparts of the insects were placed in a feeding position using an insect pin so that the distal parts (i.e. the drinking region of butterflies [23] ) were in contact with the filter paper. The mouthparts also were positioned so that contact was made at the periphery of the solution in the filter papers, thus indicating that the pores in the filters were filled with the nanoparticle solution, but a liquid film was not present on the surface of the filter paper. Insects were allowed to feed from the filter paper for 45 s. A 30 ml droplet of a positive control (nanoparticle solution, no filter paper) and negative control (20% sucrose solution, no nanoparticles, no filter paper) was used with each species and for each nanoparticle solution prepared. The proboscises of some insects were manually kept on the filter paper with an insect pin if they tried to remove their mouthparts. The feeding behaviour was recorded, including the presence or absence of fluids expelled from the mouthparts during the feeding process.
(
d) Dissections and nanoparticle observations
Immediately following feeding, the insects were dissected under a stereoscope (Leica M205 C stereomicroscope), and the crop was removed using forceps and dissecting scissors. The crop was placed on a slide with a coverslip and imaged with a CY3 filter on an Olympus IX81 confocal microscope (Center Valley, PA) at 20Â. A magnet was waved by the crops to check for the presence of nanoparticles; if present, this indicated the ability to feed from a specified filter pore size (figure 2). Following all dissections, the mouthparts of each insect were stored in vials containing a 1Â phosphate buffer solution. Proboscises were placed on slides in dH 2 O, and the diameters of food canals of butterflies were measured near the midregion of the proboscis length (i.e. the knee-bend region [9] ) and at the transition between the drinking and non-drinking regions [23, 24] (figure 1; n ¼ 5 per species). The diameter of food canals near the oral opening and pseudotracheae were measured in flies (figure 1; n ¼ 5 per species). Five pseudotracheae were measured and averaged for each individual fly. Measurements of the food canal at the proximal border of the drinking region on butterfly mouthparts and the pseudotracheae of fly mouthparts were chosen because they are structurally defined and located where the mouthparts make contact with porous surfaces while feeding. The knee-bend region of lepidopteran proboscises and the oral opening of fly mouthparts, although not placed on porous surfaces while feeding, were chosen because they represent a region where the conduits are larger and where liquids travel during the feeding process. All images were acquired with the confocal microscope and measured using IMAGEJ software (http://imagej.nih.gov/ij/). The forewing length (FWL) of each species was measured and averaged (n ¼ 3) and used as an indicator of overall body size [25] .
(e) Scanning electron microscopy, tomography and X-ray phase-contrast imaging
Insects were prepared for scanning electron microscopy by placing them through an ethanol dehydration series (70%, 80%, 90%, 100% EtOH for 24 h each) followed by chemical drying using hexamethyldisalizane. Insects were then positioned on scanning electron microscope (SEM) aluminium stubs using carbon-graphite tape and sputtercoated with platinum for 1-2 min. Specimens were imaged at 20 kV with a Hitachi TM3000 SEM. Unused filter papers were placed on an aluminium Figure 2 . Experimental set-up and method to determine the ability of butterflies and flies to feed from porous substrates. (a) Butterflies had their bodies and wings wrapped in tissue paper. The wings of insects were placed between two glass slides (sl), which were secured together by a clamp that was attached to a stand (st). A 30 ml droplet of the nanoparticle solution was placed on the concave slide (sl) set on a manipulator (ma). A filter paper (fp) was then placed on the droplet, allowing the liquids to spread between the filter paper and the slide, thus filling the pores in the filter paper. The proboscis ( pr) was uncoiled with an insect pin and positioned on the filter paper near the outer edge of the spread droplet. Pores SEM stub and sputtercoated with a 7 nm layer of platinum. The filter papers were imaged at high vacuum at 15 kV in a JEOL 6010LA-SEM. Tomography and X-ray phase-contrast images were acquired at Argonne National Laboratory following previously established protocols and beam intensities [12] .
(f ) Statistics
Proximal and distal mouthpart measurements were compared within species using a paired t-test. Analysis of variance (ANOVA, p , 0.05) was used to make comparisons of each measured region among species, which was followed by a Tukey-Kramer HSD post hoc test performed in SPSS v. 23. A Pearson's correlation [26] was used to determine a relationship between FWL and mouthpart dimensions. The likelihood of feeding at a given substrate pore size was evaluated using linear logistic regression analysis for each species, yielding a slope and intercept that was used to estimate the proportion of a species that can feed at a given pore size. We determined the limiting pore size based on the ability of 50% of a given species to feed from a filter paper with a specified pore size using the estimator given by Collett [27] , which is the negation of the ratio of the intercept to the slope of a linear logistic regression with substrate pore size as the explanatory variable and presence of nanoparticles as the binary response variable. The pore sizes of the filter papers were then compared with the measured mouthpart conduit sizes for each species (both food canal measurements for butterflies and food canal and pseudotracheae measurements for flies) using Pearson's correlation. The slopes of the lines were tested for significant departures from 0 ( p , 0.05) with a Student's t-test. Pore size analysis and Pearson's correlations were performed using SAS v. 9.3.
Results
We found that the FWL differed significantly among the tested species ( All positive control insects (those fed 30 ml droplets of nanoparticle solution, n ¼ 38) had nanoparticles in their crops and negative control insects (n ¼ 31) lacked nanoparticles. Butterflies and flies in the pre-fed treatment (n ¼ 163) displayed a range in feeding abilities. A relationship was found between limiting substrate pore sizes and distal and proximal mouthpart measurements of butterflies, as evidenced by the presence of the nanoparticle solution in the crop (see video of nanoparticle movement in crop of C. vomitoria in electronic supplementary material). Butterflies with smaller food canal diameters in the pre-fed treatment were able to feed from smaller substrate pore sizes (distal mouthpart figure 3) . Flies from the pre-fed treatment were able to acquire the nanoparticle solution from all tested filter pore sizes, preventing us from determining a threshold substrate pore size. Insects also expressed a range in feeding behaviours that related to the substrate pore sizes from which they were presented; those presented smaller pore sizes expressed increased sponging or probing behaviours [13, 29] . Expelled fluids were observed from some butterflies while feeding (n ¼ 16), and only one of these butterflies subsequently lacked the nanoparticle solution in their crop (see electronic supplementary material, table S2). Insects (P. rapae, V. cardui and both fly species) from the unfed treatment expressed a pattern of limiting substrate pore sizes that differed from those in the pre-fed treatment (see electronic supplementary material, 
Discussion
Our results reveal that the limiting substrate pore sizes are proportional to the mouthpart conduit sizes for both butterflies and flies, indicating parallels in fluid uptake mechanisms. We attribute this common physical mechanism to capillary action. The role of capillarity is an understudied, but evidently important component of the fluid uptake process [12, 30] , especially for removing liquids from substrate pores. Nectar, sap, honeydew and other nutritive liquids are likely to be confined to substrate pores rather than present as pools; therefore, mouthpart architectures that can exploit capillarity would have adaptive value. The ability to employ capillary action also would pertain to feeding from wetted soil (i.e. puddling), which is necessary for the acquisition of sodium, a substance that affects fitness [31] [32] [33] . In addition, natural selection would favour the partitioning of incoming fluids into liquid bridges to reduce the resistance of liquid flows through the mouthpart conduits [12] .
We propose a physical model that is based on feeding from porous surfaces and liquid bridge formation (figure 4). The liquid bridges formed inside the mouthpart conduits (e.g. food canal) are linked through capillaries (i.e. spaces between the cuticular projections) to the liquids in the substrate pores. In order for liquid to move from the pores up to the liquid bridges, the pressure inside the bridges should be smaller than or equivalent to the pressure inside the substrate pores, such that
where p 1 and p 0 are the pressures in the liquid bridges and atmosphere, s is the surface tension of the liquid, u c and u p are the contact angles of the liquid on the surfaces of the food canal and the substrate material, and r c and r p are the radii of the food canal and substrate pores. As a result, the relationship rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162026
between the food canal size r c and the limiting pore size r p can be approximated as
where Dp ¼ p 1 2 p 0 . The scaling law shows that the pressure difference generated by animal sucking pumps is independent of the pump or insect body size [34] ; therefore, it is reasonable to compare the limiting pore sizes of different species of insects. This expression explains the approximate linear relationship between 1/r p and 1/r c for pre-fed insects (see electronic supplementary material; figure 2 ). It is important to note that the calculated limiting substrate pore sizes from the experiments are estimates based on the different types of filter papers used, and that butterfly and fly species have different Dp and u c values. The fitting of equation (4.2) to the experimental data, therefore, is approximate. From the intercept of the linear fit (equation (4.2) ) to the experimental results, we can estimate that Dp 1 kPa, which is within the suction pressure estimated from the scaling law (approx. 10 kPa) [34] . Pre-feeding enhances the capability of the insects to extract fluids from porous substrates. As observed in our experiments, the measured limiting pore sizes for pre-fed insects were always smaller than those for unfed insects. We attribute this enhancement to the fluid expelling behaviour, which was observed from the pre-fed flies and butterflies when their mouthparts touched the porous substrates. As shown in figure 4d , the expelled fluids make it possible to connect the liquid inside the small substrate pores to the liquid bridge inside the food canals via a capillary conduit. Our observations supplement previous findings that flies and butterflies expel fluids while feeding on dry or porous surfaces [13, 35, 36] . For unfed insects, the measured limiting pore sizes are approximately equal to the distal mouthpart diameters and show little dependence on the proximal dimensions ( figure 3 ). As the limiting pore size for the unfed insects is larger than that for the pre-fed insects, the inequality in equation (4.1) is satisfied. For unfed insects that do not expel fluids, making a connection between the liquid inside the substrate pores and the capillary conduit (spaces between cuticular projections) is the key to removing liquids from the pores. This connection is possible only when the cuticular projections (e.g. dorsal legulae; figure 1) can make contact with the liquids in the substrate pores. Consequently, the limiting pore size for unfed insects is likely to be dictated not only by the mouthpart conduit dimensions, but also by the sizes of the cuticular projections; these two variables might be proportional in size and require future studies. The previously determined limiting substrate pore size for unfed monarch butterflies was 35 mm, which also matches their distal mouthpart conduit measurements [12] and supports our methodology and data interpretation.
Lepidoptera and Diptera have mouthparts with cuticular projections and spacings (figure 1) [4] that support fluid movement, via capillarity, from porous surfaces into the conduits. Both groups also have cuticular ridges in their canals that would promote the circumferential spreading of fluids and facilitate liquid bridge formation. Dipteran mouthparts, unlike those of Lepidoptera, consist of a series of smaller conduits (pseudotracheae) that radiate from the larger oral opening (figure 1). The relationship between substrate pore size and pseudotracheae diameter indicates that liquid bridges first form in the pseudotracheae, then shuttle towards the oral opening where they pool together for the sucking pump to act on. This hierarchical and novel system of fluid uptake requires further exploration.
Conventional studies of fluid uptake mechanisms in insects often describe feeding systems of a specific organism [12, 14, 16, 37] or a group of closely related species [23] . Our results demonstrate a phenomenon that is widespread among distantly related fluid-feeding insects. In addition, a similar feeding mechanism might take place in other, more distantly related insect groups. The mouthparts of the nectar-feeding cricket Glomeremus orchidophilus Hugel et al. (Gryllacrididae) [38] and the honeybee Apis mellifera L. (Apidae), for instance, might also involve the employment of capillary action [39] [40] [41] , and exhibit a relationship between the sizes of spaces between their mouthpart structures and the sizes of substrate pores from which they can feed.
If having smaller mouthpart conduits facilitates feeding from smaller substrate pore sizes, then why does natural selection not favour insects to have decreasingly smaller conduit sizes? We suggest that periods of drought result in directional selection where smaller mouthparts are favoured; however, wet periods would favour larger mouthpart dimensions (i.e. oscillating selection), as demonstrated with beak sizes of finches in the Galapagos Islands [42] . When fluids are plentiful for fluid-feeding insects, larger mouthparts are favoured, because the insects acquire greater amounts of fluids per feeding period, given the current models for the relationship between mouthpart dimensions and flow rates [18, 36, 43] .
Our investigation offers a platform for future studies that can examine oscillating selection patterns of mouthpart dimensions and fluid uptake mechanisms under various environmental conditions and fluid availability, which also could have important implications for microfluidics and biomimetics [12, 18] . Given that natural selection favours insects that can acquire nutrients during drought periods, and that Diptera and Lepidoptera independently evolved mouthpart architectures that support these methods of fluid uptake (sharing a common ancestor 280 Ma that had chewing mouthparts) Figure 4 . Liquid bridge formation in the conduits of insect mouthparts. (a) The process of liquid bridge formation is based on the principles of capillary action, Plateau instability [19] and a relationship between the diameters of substrate pores ( po) and the food canal (fc). The images on the top represent sagittal cross sections of mouthpart conduits and those on the bottom are transverse cross sections. Liquids move from substrate pores into the food canal through interlegular spaces (il) between cuticular projections (cp), e.g. dorsal legulae of butterflies. Incoming fluids circumferentially spread into a liquid film (lf ), which grows into a bulge (bl), then collapses into a liquid bridge (lb) via Plateau instability [12] . Stable liquid bridge formation is contingent on the relationship between substrate pore diameter (dp) and food canal diameter (df ); substrate pore diameter must be equal to or larger than the food canal diameter in order for a liquid bridge to form. (b) X-ray phase-contrast imaging revealed liquid bridge formation when a droplet (dr) of isovue was placed on the dorsal side of the proboscis ( pr) of Danaus plexippus. (c) X-ray tomography of the proboscis drinking region of D. plexippus revealed the structural organization of the C-shaped galeae (ga), dorsal legulae (dl) and interlocking ventral legulae (vl). (d) Schematic shows liquid bridge formation when liquid-filled pores in the filter paper (fp) are larger in diameter than the food canal (left image). Our model shows that the movement of fluids from the substrate pores into the food canal is determined by the food canal radius (r c ) and the contact angle of the liquids in the food canal (u c ), and how they relate to the radius of the pore (r p ) and the contact angle of the liquids in the pore (u p ) (inset). Pre-fed insects (right image) were able to feed on liquids confined to smaller pores owing to the ability to expel fluids (ef ), which results in a mechanism for creating a capillary conduit between liquids in the substrate pores and liquids in the food canal. (Online version in colour.) rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162026
